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Abstract To explore the nature of specific interactions
between concurrent perception and action, participants
were asked to move one of their hands in a certain direction
while simultaneously observing an independent stimulus
motion of a (dis)similar direction. The kinematics of the
hand trajectories revealed a form of contrast effect (CE) in
that the produced directions were biased away from the per-
ceived directions (“Experiment 17). Specifically, the end-
points of horizontal movements were lower when having
watched an upward as opposed to a downward motion.
However, when participants moved under higher speed
constraints and were not presented with the stimulus
motion prior to initiating their movements, the CE was pre-
ceded by an assimilation effect, i.e., movements were
biased foward the stimulus motion directions (“Experiment
2”). These findings extend those of related studies by show-
ing that CEs of this type actually correspond to the second
phase of a bi-phasic pattern of specific perception—action
interference.
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Introduction

Many daily activities involve performing an action while
simultaneously encoding one or more perceptual events. In
contrast to most experimental tasks aimed at studying spe-
cific interactions between perception and action (for over-
views, see Prinz & Hommel, 2002; Proctor & Reeve,
1990), such situations are characterized by the fact that
what is perceived temporally overlaps with ongoing action
for relatively long periods of time and does not (necessar-
ily) specify what movements are to be concurrently pro-
duced. As common as these situations may seem, they have
only recently gained interest.

An illustrative example comes from a study by Jacobs
and Shiffrar (2005), in which they asked people to judge the
speed of point-light walkers while either standing, bicycling,
or walking themselves. They found that speed judgments
were less accurate during walking than during bicycling or
standing. This finding not only demonstrates that action can
interfere with perception, but that the nature of interference
depends on whether what is produced (e.g., walking) shares
representational features with what is perceived (e.g., seeing
someone else walk; for related effects, see Hamilton, Wol-
pert, & Frith, 2004; Schubd, Prinz, & Aschersleben, 2004;
Wohlschlager, 2000; Zwickel, Grosjean, & Prinz, 2007).
Interference effects of this type are referred to as specific, as
opposed to unspecific, because they relate to changes in per-
formance that are determined by the relationship or degree
of feature overlap (at a representational level) between the
contents of perception and action (Miisseler, 1999).

The purpose of the present study was to further this line
of investigation by exploring how perception specifically
interacts with action under such “concurrent” conditions. To
do so, we relied on a task introduced by Schubd, Aschersle-
ben, and Prinz (2001) in which they showed that the simul-
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taneous perception and production of movements leads to a
repulsion between perception and action: movements were
biased away from the stimulus motions that were simulta-
neously perceived. In the current study, we sought to
explore the time course of this effect and, in particular,
establish whether it is actually preceded by an attraction
between what is perceived and produced. That is, a move-
ment bias toward the concurrently observed motions.

Unlike conventional stimulus—response (S—R) compati-
bility-type tasks (e.g., Proctor & Reeve, 1990), Schubo
et al.’s (2001) paradigm was developed to investigate spe-
cific interactions that arise when what is perceived is func-
tionally unrelated to what is simultaneously produced.
These terms are used to refer to any situation in which the
movement required by the participant is not specified nor
consists of a reaction to the stimulus that is concurrently
presented (see also Zwickel et al., 2007). Their paradigm
also involved more dynamic stimuli and movements than
those usually encountered in the S-R compatibility litera-
ture (for similar efforts see, e.g., Brass, Bekkering,
Wohlschlidger, & Prinz, 2000; Chua & Weeks, 1997; Gros-
jean & Mordkoff, 2001). On a given trial n, the currently
presented stimulus motion (S,,) specified the required move-
ment (M,,,) for the subsequent trial, whereas the currently
required movement (M,) was specified by the stimulus
(S,_1) presented on the previous trial. The stimulus con-
sisted of a dot that moved along a sinusoidal trajectory of
either a small, medium, or large amplitude, and the required
movement consisted of drawing on a graphics tablet sinu-
soidal trajectories of one of the same (i.e., small, medium,
or large) amplitudes without visual feedback. Thus, partici-
pants were required to perform a previously specified
action while simultaneously encoding a functionally unre-
lated, but feature-overlapping, stimulus motion.

The question of interest in this task was whether the per-
ception of the amplitude of S, would specifically interact with
the produced M,, amplitude. This was the case. When partici-
pants were required to produce a medium-amplitude trajec-
tory, watching a small-amplitude trajectory led to an increase
in movement amplitude, whereas watching a large-amplitude
trajectory led to a decrease in movement amplitude. Although
Schubd et al. (2001) did not perform any fine-grained analy-
ses of the time course of their effect, they did report that it was
already present at the first extreme value of the sinusoidal
movement trajectories, which corresponded to ~600-700 ms
after movement onset (as inferred from their Fig. 2).

These results were taken as evidence of a new type of
specific perception—action interaction that can be character-
ized as a contrast effect (CE). The effect is contrast-like in
that it is typified by a repulsion (as opposed to an attrac-
tion) between perception and action. Schubd et al. (2001)
accounted for their effect by drawing inspiration from mod-
els of reaching in the presence of stationary distractor
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objects (e.g., Tipper, Howard, & Houghton, 1998). In par-
ticular, they proposed that people try to minimize the
amount of interference between perception and action by
engaging in the mutual partial inhibition of the representa-
tions or features that overlap for what is perceived and pro-
duced (i.e., the codes responsible for representing the
amplitudes of the motions and movements, respectively).
This, in turn, causes the representations underlying the per-
ceived motion and produced movement to “shift away”
from each other, thereby leading to a CE.

Schubo etal.’s (2001) study demonstrates how the
simultaneous perception and production of functionally
unrelated events leads to interference (contrast) effects in
movement execution. We sought to explore the time course
of the CE by determining at what point after movement
onset it arises. There are two main reasons why this is of
interest. First, and more generally, establishing the time
course of such interactions has become critical for develop-
ing and testing relevant models of the perception—action
interface (e.g., De Jong, Liang, & Lauber, 1994; Welsh &
Elliott, 2004; Wiegand & Wascher, 2005). Second, when
perceptual and motor events share features at a representa-
tional level, as is typically the case under compatible S-R
conditions, assimilation (facilitation) effects rather than
contrast (interference) effects have generally been observed
in both discrete (for an overview, see Hommel & Prinz,
1997) and continuous perception—action tasks (e.g., Chua &
Weeks, 1997; Keller & Burnham, 2005; Michaels & Stins,
1997). In light of these findings, the CEs obtained by
Schubo et al. (2001) were to some extent unexpected.

Of particular relevance to this discussion is a study by
Whitney, Westwood, and Goodale (2003), in which they
asked people to reach as quickly as possible to a briefly
flashed stationary target in the presence of an unrelated
moving grating. They obtained a form of assimilation effect
(AE): hand trajectories initially deviated in the direction of
the motion as early as ~120 ms after motion onset.
Although their task was in many ways different from that of
the Schubd et al. (2001), their findings further suggest that
perceived motions can have an assimilatory influence on
ongoing movements. Thus, by exploring the time course of
the CEs, we sought to establish whether they were actually
preceded by something akin to an AE.

Experiment 1

In addition to exploring the time course of the CE, the aim
of the first experiment was also to generalize the findings of
Schubo et al. (2001) to the overlapping motion/movement
dimension of direction and to the perception of non-biolog-
ical stimulus motions. To do so, we asked participants to
move one of their hands along a straight line in a certain
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direction while simultaneously observing an independent
stimulus motion of a (dis)similar direction. However, in
contrast to Schubd etal.’s study, in which the stimulus
motions had biological kinematics, we used constant (non-
biological) stimulus velocity profiles. For the type of (lin-
ear) trajectories employed here, biological velocity profiles
would have been roughly bell-shaped (e.g., Beggs &
Howarth, 1972; Morasso, 1981).

The purpose of relying on stimulus motions with non-
biological kinematics was twofold. First, it has the advan-
tage of discouraging participants from interpreting the
motion of the stimulus as a consequence of the movement
that they are concurrently executing, which is essential for
investigating interference effects that arise during the con-
current perception and production of functionally unrelated
events. Second, it is well established that biological
motions are processed differently than non-biological
motions (e.g., Viviani, 2002). Moreover, interference
effects obtained in paradigms similar to Schubé et al.’s
(2001) have been linked to the involvement of the motor
system in the visual processing of biological motion (e.g.,
Kilner, Paulignan, & Blakemore, 2003).

Thus, if the CE observed by Schubé et al. (2001) is con-
strained to the processing of biological motion, then there
should be no effect of the observed motion direction on the
produced movement direction. Alternatively, based on the
findings of Whitney et al. (2003) and others (e.g., Chua &
Weeks, 1997; Keller & Burnham, 2005; Michaels & Stins,
1997), the present paradigm may reveal an AE of percep-
tion on action, rather than or in addition to a CE.

Method
FParticipants
Twenty individuals (mean age =26.15years; age

range = 21-37 years) participated in the experiment. In
this, as well as in the subsequent experiment, all partici-
pants were paid 18 € for their time, were right handed, had
normal or corrected-to-normal vision, and were not
informed of the purpose of the study.

Apparatus, stimuli, and movements

The experiment took place in a sound-attenuated and
dimly-illuminated chamber. The presentation of the stimuli
(Ss) and recording of movements (Ms) were controlled by
an IBM-compatible microcomputer connected to a 21 in.
color monitor with the refresh rate set at 70 Hz. As illus-
trated in Fig. la, the stimuli consisted of a circle moving
along an imaginary straight line from the center of an imag-
inary circle to its perimeter in one of three possible direc-
tions: upward, horizontal, or downward. The circle (6 mm
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Fig. 1 Schematic of the (a) stimulus and movement trajectories, (b)
stimulus velocity profiles, and (c) structure of a trial and the coordinate
system that was used (see text for details). S stimulus, M movement

in diameter) was presented in red on a black background
and did not leave a trace on the display as it moved. The
trajectory length (i.e., radius of the imaginary circle) was
20 cm and the angles by which the upward and downward
trajectories deviated from the horizontal one were +25° and
—25°, respectively. The circle always departed from the
same start position that was vertically centered in the dis-
play and shifted to the left of its vertical midline by half of
the trajectory length (i.e., 10 cm; see Fig. 1a, c). Given the
approximate viewing distance of 60 cm, the circle sub-
tended 0.57° and traversed a path of 18.92° of visual angle.
In line with Schubd et al. (2001), the duration of the stimu-
lus motion was held constant at 2 s. However, in contrast to
their experiments, stimulus velocity was non-biological in
that it was set to the constant value of 10 cm/s (i.e., 9.46°/s;
see Fig. 1b).

As for the movements, participants were asked to draw
with their right hand the same upward, horizontal, and
downward trajectories as those employed for the stimuli.
Movements were performed by displacing a stylus on a
Wacom Ultrapad A3E graphics tablet. The x and y posi-
tions of the hand-held stylus were sampled in synchrony
with the monitor’s refresh rate (i.e., 70 Hz). The graphics
tablet was centered with respect to and horizontally placed
directly below the monitor, and was covered with a board
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such that no direct visual feedback of the stylus or hand was
provided. The start position for the hand movements on the
tablet was horizontally aligned with the constant stimulus
start position. Given the placement of the tablet, the stylus
was always moved within the horizontal plane. Thus,
“upward” and “downward” movement trajectories actually
corresponded to hand movements that went away from and
towards to the participants’ body, respectively. This map-
ping was learned during a practice phase in which off-line
feedback of the produced movements was provided on the
monitor (see the next section for more details).

Design and procedure

Participants were tested in a single session that lasted
about 2 h. The experiment began with oral instructions in
which participants were informed that they would be see-
ing motions of a stimulus that they would have to subse-
quently reproduce as accurately as possible on the graphics
tablet. Each trial was divided into three subtrials (see
Fig. Ic). The stimulus on a given subtrial specified the
movement to be performed on the subsequent subtrial (as
indicated by the oblique arrows in the figure). However, on
the first subtrial, S; was presented without the concurrent
production of a movement to ensure that it was perceived
without being influenced by ongoing motor activity. Then,
on the second subtrial, S, was presented during the produc-
tion of M. In this way, the execution of M, should reflect
the influence of the perception of S, (as indicated by the
block arrow in Fig. 1c). Finally, on the third subtrial, M,
was produced in isolation, thereby avoiding interference
from ongoing perceptual activity that would have been
induced by the presentation of a new stimulus. The only
purpose of including M, was to make certain that partici-
pants had adequately perceived S,, which could have oth-
erwise been ignored.

Each subtrial began with the presentation of the stimu-
lus (i.e., the red circle) at the start position. On the first
subtrial, the stimulus was also filled in red, indicating to
participants that all that was required of them was to watch
the stimulus motion. One second after the stimulus
appeared, a first tone (1,760 Hz, 20 ms) was played and the
stimulus started to move along one of the three possible
trajectories. After 2 s, the stimulus motion ended and a
second tone was played (880 Hz, 20 ms). The stimulus
then remained at the final trajectory position for another
I's, after which the display went blank and a third tone
(440 Hz, 20 ms) was played to indicate the end of the sub-
trial. After a 1 s inter-subtrial interval, the stimulus for the
second subtrial was presented along with a cursor [a white
disk with a diameter of 2 mm (0.19° of visual angle)] rep-
resenting online the position of the stylus on the graphics
tablet. The gain was adjusted such that there was a 1:1
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mapping between movement of the stylus on the graphics
tablet and the corresponding movement of the cursor. To
initiate the second subtrial, participants had to move the
cursor into the start position (i.e., into the stimulus). Once
the cursor had remained there for 1s, the cursor disap-
peared, the first tone was played, the stimulus was set into
motion, and the coordinates of the stylus started to be
saved. Participants were instructed to begin their move-
ment with the onset of the first tone and to terminate it with
the onset of the second tone. That is, the target movement
duration was 2 s. As before, the end of the subtrial was
indicated by the third tone being played 1 s after stimulus
motion offset. This also marked the end of the graphics
tablet recording, which lasted for a total of 3 s. After the
inter-subtrial interval, the stimulus and the cursor were
presented for the third subtrial. This subtrial was identical
to the second subtrial, except that the stimulus stayed at
the start position after the first tone was played and the cur-
sor had disappeared (i.e., there was no stimulus motion
while the participants moved). After an inter-trial interval
of 1 s, the stimulus for the first subtrial of the next trial was
presented. At the end of a block, a minimum break of 10 s
was imposed before participants could self-initiate the fol-
lowing block whenever they felt ready.

To familiarize the participants with the task and particu-
larly the to-be-produced movements, the experiment began
with two practice blocks in which §; and S, were identical
for each trial. Therefore, during the second subtrial, partici-
pants always had to produce the same trajectory as they
concurrently saw. During these practice blocks, participants
received end-of-subtrial feedback for 2 s consisting of a
depiction of the required trajectory as a red line and the tra-
jectory they had produced presented in white. It was via
this off-line feedback that participants learned the mapping
between their movements and those presented on the dis-
play. Each of the practice blocks was 15 trials long, corre-
sponding to three S directions (upward, horizontal,
downward) x5 repetitions presented in a pseudo-random
sequence.

The participants then performed 14 experimental blocks.
For these blocks, S| and S, were only identical on onethird
of the trials. Therefore, during the second subtrial, partici-
pants had to produce a different trajectory from what they
saw on twothird of the trials. Each of the experimental
blocks was 18 trials long, corresponding to three S, direc-
tions (upward, horizontal, downward) x 3 §, directions
(upward, horizontal, downward) x 2 repetitions presented
in a pseudo-random order. To assist the participants in
adjusting to this more demanding version of the task, the
first experimental block included the same end-of-subtrial
trajectory feedback as that provided during the practice
blocks. From that point onwards, however, no feedback
was ever provided.
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Data analysis

Data from the practice blocks and the first experimental
block were discarded. To avoid any problems associated
with range effects (see Schuboé et al., 2001 for a discussion
of this issue), the analysis was further restricted to trials in
which horizontal movements were performed on the second
subtrial (i.e., when S, was horizontal). Given the present
experimental design (see above), this resulted in 26 remain-
ing trials for each condition and participant. Moreover, to
ensure that participants had adequately produced the trajec-
tories required of them, movements were excluded when
participants lifted the stylus, reversed movement direction,
and when the length and angle of the trajectory at move-
ment offset were not within £50% of the required trajectory
length and angle. Finally, M, was also discarded when M,
met any of these exclusion criteria because it was the only
way to be certain that participants had adequately perceived
S,. This was the sole purpose of analyzing the second
movements and are therefore not considered any further.

The movement trajectories were each analyzed by first
realigning the x and y stylus values to a common (0,0) coor-
dinate position. Tangential velocity profiles were then
obtained through numerical derivation. Movement onset and
offset were defined as the first moments in time at which tan-
gential velocity reached 5% of peak tangential velocity
before and after this peak, respectively. On the basis of these
temporal markers, movement initiation time (=time of move-
ment onset — time of stimulus onset), movement time (=time
of movement offset — time of movement onset), and the y
(i.e., vertical) position at movement offset were determined
for each condition and participant. This latter variable was of
particular interest, as it should reveal the overall magnitude
of the interference effect. These variables were each submit-
ted to a separate one-way repeated-measures analysis of vari-
ance (ANOVA) with stimulus direction (upward, horizontal,
downward) as a within-subjects factor.

For the purpose of movement trajectory averaging and
exploring the time course of the interference effect, the tra-
jectory for each trial was normalized to 101 time-slices (0-
100%). This was done by resampling the time vector of
each trajectory between movement onset and offset at 101
equally time-spaced values and computing, using piecewise
cubic spline interpolation (as implemented in the “interpl”
function in MATLAB), the corresponding stylus coordinate
values (separately for the x and y coordinate vectors)'. To

! Cubic spline interpolation was used because of the curvature present
in the hand trajectories and the fact that it incurs smaller errors (on
average) than other forms of interpolation (e.g. linear). However, to be
certain that the results did not depend on this particular form of inter-
polation, the same analyses were also performed using linear interpo-
lation. When conducted in this way, the analyses did not yield any
differences in the overall pattern of results.

Table 1 Mean movement initiation time (in ms), movement time (in
ms), and Y position at movement offset (in mm) for horizontal move-
ments from the second subtrials as a function of the concurrently per-
ceived stimulus direction (upward, horizontal, downward) for
“Experiments 1 and 2”

Experiment and measure Stimulus direction

Upward Horizontal Downward

“Experiment 1”

Movement initiation time 226 228 233
Movement time 1996 2004 1989

Y position at movement offset  —2.08 2.96 5.56
“Experiment 2”

Movement time 769 716 751

Y Position at movement offset —15.69  —5.27 0.71

Mean movement initiation time is not provided for “Experiment 2”
because movement recording began with movement onset

investigate the time course of the interference effect, the
difference in y position (AY) at each normalized time sam-
ple between mean horizontal movements performed under
upward and downward stimulus conditions was calculated
for each participant. Positive and negative AY values corre-
spond to movement trajectories that deviated in the direc-
tion of stimulus motion (assimilation) or deviated away
from the stimulus motion (contrast), respectively. A two-
tailed paired ¢ test was then performed at each normalized
time sample in order to determine at which point the mean
trajectories began to differ from each other (for the use of
analogous methods, see Brenner & Smeets, 1997; Spivey,
Grosjean, & Knoblich, 2005).

For all analyses, o was set to 0.05 and, when necessary,
violations of sphericity were corrected for using the Green-
house—Geisser ¢ (to facilitate reading, the uncorrected
degrees of freedom are provided).

Results and discussion

The exclusion criteria led to a total of 5.83% of discarded
trials. Table 1 presents mean movement initiation time and
movement time as function of the concurrently perceived
stimulus direction. Movement initiation times were rela-
tively short (overall mean = 229 ms) and movement times
(overall mean = 1996 ms) nicely approximated the target
duration of 2 s. However, neither of these measures signifi-
cantly varied as a function of the concurrently perceived
stimulus direction (both P’s > 0.09).

Figure 2a depicts the mean horizontal movement trajec-
tories for the three stimulus directions. As can be seen in
the figure, the trajectories showed a certain degree of curva-
ture that bent away from the participants’ body, which is a
common finding for such lateral hand movements (for a
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Fig. 2 Data from the second subtrial movements in “Experiment 1”. a
Mean horizontal movement trajectories as a function of the concur-
rently perceived stimulus direction (upward, horizontal, downward). b
Mean difference in y position (AY) between horizontal movement tra-
jectories produced under upward and downward stimulus direction
conditions as a function of normalized time. Positive and negative AY
values correspond to assimilation and contrast, respectively. The shad-
ed region indicates the normalized time values at which AYs are sig-
nificantly different from 0, that is the values at which an assimilation
(AE) or contrast effect (CE) was present

recent example, see Saunders & Knill, 2003). More inter-
estingly, the trajectories for the different stimulus directions
fanned apart from each other over time. In particular, the
trajectories for the upward and downward conditions devi-
ated away from the perceived motion directions. By the end
of the movement, having watched an upward motion led to
a 7.64 mm lower movement endpoint than having watched
a downward motion, whereas the horizontal motion condi-
tion led to an intermediate final position (see Table 1). This
effect of stimulus direction on the mean y position at move-
ment offset was significant, F(2, 38) =27.26, P <0.001,
n,>=0.59, £ = 0.88.

These findings replicate and extend those of Schubd
et al. (2001) for the overlapping motion/movement dimen-
sion of direction. Moreover, this CE was obtained with con-
stant stimulus motion velocity profiles, which demonstrates
that interference effects of this type are not contingent upon
the processing of biological motion, in contrast to what has
been previously suggested in the context of similar tasks
(e.g., Kilner et al., 2003).

The time course of the CE is captured in Fig. 2b, which
presents the mean difference in y position between the tra-
jectories produced under upward and downward stimulus
conditions as a function of normalized time. As indicated
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by the shaded region in the figure, the trajectories began
to significantly diverge from each other at 17% of normal-
ized time. This value corresponds to a mean absolute time
of 339 ms after movement onset and 569 ms after stimu-
lus motion onset (as computed on the basis of the mean
movement initiation and movement times for the upward
and downward stimulus directions). As one would expect,
the CE takes time to reveal itself in the movement trajec-
tories.

These results demonstrate that CEs of this type general-
ize to the overlapping dimension of direction and are not
confined to the processing of biological motions. However,
in contrast to what might have been expected on the basis
of related studies (e.g., Whitney et al., 2003), no evidence
of an AE of motion perception on movement production
was observed.

Experiment 2

The goal of “Experiment 2” was to alter the current para-
digm in such a way that an AE, if at all present, would
have better chances of being revealed. One reason why no
AE was observed in “Experiment 1”or in previous studies
(Schubo etal., 2001) is that participants may have
attempted to counteract this (anticipated) attraction effect.
Indeed, given that participants were instructed to repro-
duce the previously seen motions as accurately as possi-
ble, they may have tried to adjust the direction of their
trajectories in order to avoid moving in the direction of
the stimulus motion. In addition, the movements were
performed relatively slowly and the stimulus motion
started on average ~230 ms prior to movement onset.
Thus, participants would have had enough time to per-
form such adjustments (e.g., Desmurget & Grafton, 2000;
Paillard, 1996). This possibility actually suggests that the
CEs may be strategic in origin, an issue we return to in
“General discussion”.

To maximize the chances of revealing a (potential) AE,
the paradigm used in “Experiment 17 was first modified
by shortening the stimulus motion duration and target
movement duration from 2,000 to 500 ms. By increasing
movement speed, larger distances will be covered by the
participants prior to the time at which they could try to
counteract any anticipated or perceived interference
effects. This should provide a larger spatial window for
detecting an AE. The second modification involved hav-
ing the stimulus motion start with movement onset. In this
way, participants could never see in which direction the
stimulus was moving prior to initiating their own move-
ment, which should eliminate the possibility of engaging
in counteractive adjustments early in the movement tra-
jectories.
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Method

A new group of 20 individuals (mean age = 24.50 years;
age range = 17—34 years) participated in the experiment.
The method was identical to that of “Experiment 17, except
for two changes. First, the stimulus motion duration and the
target movement duration were reduced to 500 ms (see
Fig. 1b). Because the length of the stimulus trajectories was
the same as in “Experiment 17, stimulus velocity was
accordingly increased to 40 cm/s (i.e., 37.84°/s). Second,
participants self-initiated the onset of movement recording
and stimulus motion (for the second subtrial). As before,
after having held the cursor in the start position for 1 s, the
first tone sounded. This indicated to the participants that
they could initiate their movement whenever they felt
ready. As soon as they left the start position, the cursor dis-
appeared, the stimulus was set into motion (on the second
subtrial only), and the tablet recording started and lasted for
1 s. Because movement recording began with movement
onset, there are no movement initiation times to report.

Results and discussion

A total of 10.30% of trials were discarded using the exclu-
sion criteria. The increase in the number of excluded trials
with respect to “Experiment 1” can most likely be attrib-
uted to the added movement variability that was brought
about by shortening the target movement duration (e.g., see
Schmidt & Lee, 1999).

Mean movement times (overall mean = 745 ms) over-
shot the target duration of 500 ms (see Table 1). More note-
worthy was that movement times were longer under
upward and downward stimulus direction conditions than
under the horizontal condition. This effect of stimulus
direction was significant, F(2, 38)=17.51, P <0.001,
npz =0.48, £€¢=0.73, and is reminiscent of the response
slowing that is typically observed under spatially incompat-
ible relationships between an irrelevant stimulus location/
direction and a relevant response location/direction (e.g.,
Simon, 1990). Recall, however, that an effect of stimulus
direction on movement time was absent in “Experiment 1.
This could be due to the absence of strong movement speed
constraints and/or the fact that the stimulus motion started
prior to movement onset in that experiment (for a detailed
discussion of when such compatibility effects arise in
movement times, see Rubichi, Nicoletti, Umilta, & Zorzi,
2000).

Mean horizontal trajectories are presented in Fig. 3a. As
in the previous experiment, the trajectories started to devi-
ate away from the stimulus directions at a certain point in
time, such that having watched a downward motion led to a
16.40 mm higher movement endpoint than having watched
an upward motion. The horizontal motion condition again
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Fig. 3 Data from the second subtrial movements in “Experiment 2”. a
Mean horizontal movement trajectories as a function of the concur-
rently perceived stimulus direction (upward, horizontal, downward). b
Mean difference in y position (AY) between horizontal movement tra-
jectories produced under upward and downward stimulus direction
conditions as a function of normalized time. Positive and negative AY
values correspond to assimilation and contrast, respectively. The shad-
ed regions indicate the normalized time values at which AYs are sig-
nificantly different from 0, that is the values at which an assimilation
(AE) or contrast effect (CE) was present

led to an intermediate final position (see Table 1). This pat-
tern was born out in the ANOVA, which yielded a signifi-
cant effect of stimulus direction on the mean y position at
movement offset, F(2, 38) =93.84, P <0.001, ,”=0.83,
€ =0.63. Figure 3b presents the time course of the effect.
Recall that positive AY values correspond to movement tra-
jectories that deviated in the direction of stimulus motion
(AE) and negative values correspond to trajectories that
deviated away from the stimulus motion (CE). As can be
seen in the figure, the trajectories began significantly devi-
ating away from the stimulus motions at 35% of normalized
time, which refers to a mean absolute time of 266 ms after
movement/motion onset (note that the absolute times
reported here slightly underestimate the actual times
because movement recording started at movement onset,
i.e., at the moment the stylus left the start position).

What can also been seen by closely inspecting the left
portions of Fig. 3a and b is that prior to deviating away
from the stimulus motion directions, the movement trajec-
tories initially deviated fowards the motion directions. As
indicated by the left shaded region in Fig. 3b, an AE was
actually present from 14 to 24% of normalized time. These
values correspond to mean absolute times of 106 and
182 ms after movement/motion onset, respectively. Given
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that the moment at which the AE reached its peak may have
varied between individuals, we further analyzed this effect
by searching for the maximum AE for each participant.
This involved finding for each participant the maximum
positive deviation in the AY values that was preceded by six
increasing values and followed by six decreasing values.
For six of the 20 participants, no AE was present and the
maximum AE value was set to 0, which, if anything, should
work against finding a reliable maximum AE. Nevertheless,
a two-tailed 7 test on these values revealed that they signifi-
cantly differed from 0, #(19) =3.75, P <0.01. For the 16
participants that showed an AE, the mean size of the effect
was 0.90 mm.

With shorter stimulus motion/target movement durations
(i.e., higher speed stress) and the absence of advance infor-
mation about the direction of stimulus motion prior to
movement onset, an AE was observed in the initial portion
of the movement trajectories. This result was to be
expected based on the facilitation effects that have gener-
ally been observed in continuous S—-R compatibility tasks
(e.g., Chua & Weeks, 1997; Keller & Burnham, 2005;
Michaels & Stins, 1997) and the kinematics of aimed hand
movements in the presence of unrelated visual motion (e.g.,
Whitney et al., 2003). As in “Experiment 17, a CE was
observed in later portions of the trajectories.

General discussion

The aim of this study was to further our understanding of
specific interactions between perception and functionally
unrelated ongoing action. Participants were asked to move
one of their hands (without visual feedback) in a certain
direction while concurrently observing a stimulus motion
of a (dis)similar direction. The results of “Experiment 1”
revealed a CE, in that having watched, for example, an
upward motion led to a lower movement endpoint than hav-
ing watched a downward motion. This finding generalizes
those of Schubé et al. (2001) to (a) the overlapping motion/
movement dimension of direction and to (b) the use of non-
biological stimulus motions. The latter finding is of interest
because previous studies often relied on the presentation of
biological stimulus motions (see also Kilner et al., 2003),
which are known to be processed differently than motions
with biological velocity profiles (e.g., Viviani, 2002). What
is more, interference effects obtained in similar paradigms
have been attributed to the involvement of the motor sys-
tem in the visual processing of biological motion (e.g., Kil-
ner et al., 2003). The present results suggest that this is not
necessarily the case.

With higher speed stress and no advance information
pertaining to the direction of stimulus motion, the CE of
“Experiment 1” was replicated in “Experiment 2”. This

@ Springer

time, however, two additional effects were observed. First,
movement times were slower under incompatible motion/
movement direction conditions, which resembles the
response slowing that is generally observed under spatially
incompatible S—R relationships in reaction-time tasks (e.g.,
Simon, 1990). The second novel effect to arise in “Experi-
ment 2” was an AE in the initial portions of the movement
trajectories. This result was to be expected based on the
facilitation effects that have generally been observed in
continuous S-R compatibility tasks (e.g., Chua & Weeks,
1997; Keller & Burnham, 2005; Michaels & Stins, 1997).
The absence of these two effects in “Experiment 1” could
be related to the fact that that movement onset was pre-
ceded by stimulus motion onset and/or to the use of rela-
tively lenient movement speed constraints in that
experiment. Both of these factors should have reduced par-
ticipants’ ability to engage in compensatory movements
aimed at countering any anticipated or perceived interfer-
ence effects.

More generally, the present results revealed a bi-phasic
pattern of interference of perception on ongoing action: ini-
tial assimilation followed by contrast. There are two main
lines of theoretical thinking that could account for these
effects. The first holds that the AE and CE are reflections of
sensorimotor adjustments that are made on the basis of per-
ceived discrepancies between motor-specific sensory pre-
dictions and incoming sensory feedback. The second line of
thinking attributes these effects to the activation and inhibi-
tion of the representations underlying perception and/or
action.

Sensorimotor adjustments

The AE was observed after an interval (~110 ms) that is
consistent with other estimates of fast visuomotor delays
(e.g., Brenner & Smeets, 1997; Desmurget & Grafton,
2000; Whitney et al., 2003). Among the various types of
tasks employed to estimate such delays, the study of Whit-
ney et al. (2003) is particularly relevant here. They reported
that when people try to reach as quickly as possible to a
briefly flashed stationary target in the presence of an unre-
lated moving grating, they initially move their hand in the
direction of motion. They took this AE as evidence of an
adaptive visuomotor mechanism that rapidly alters hand
trajectories under conditions of perceived ego-motion.
Since retinal motion is most often associated with eye and
head movements, they argued that the background (i.e.,
grating) motion could have induced an illusory sense of
ego-motion. Thus, for example, upward motion would (nor-
mally) be associated with downward eye/head movements
(and a perceived downward sense of ego-motion), which
would result in an upward adjustment of the hand trajec-
tory. Although their task was in many ways different than
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that employed in the current study, their interpretation
could be applied here as well. Nevertheless, it is unclear
whether the stimulus motions in the current study were
sufficient to produce the type of ego-motion that may have
been induced by the moving grating in Whitney et al.

The CEs were observed in later portions of the trajecto-
ries, ~260 ms after movement/motion onset at the earliest.
This delay is consistent with the time it takes to engage in
voluntary visuomotor adjustments (e.g., Desmurget &
Grafton, 2000; Paillard, 1996). One interpretation of the CE
is that, despite having been told otherwise, participants may
have considered the trajectory they observed as a conse-
quence of the movement they executed. If this was the case,
they may have attempted to correct for the perceived dis-
crepancy between the trajectory they wanted to produce
and the trajectory they thought they were actually produc-
ing. The fact that participants can correct online for visual
perturbations of hand trajectories is well documented (e.g.,
Fourneret & Jeannerod, 1998).

There are, however, a number of reasons why this
interpretation seems unlikely. For one, we employed
three spatially distinct straight-line stimulus motion tra-
jectories that had velocity profiles uncharacteristic of
biological movements. Furthermore, the motions started
on average ~230 ms prior to the movements in “Experi-
ment 17, thereby preceding any overt motor activity.
Lastly, to rule out this account of the CE, Schubo et al.
(2001) performed another experiment in which the stimu-
lus and movement for a given trial were staggered in time
by up to 500 ms, such that it became highly unlikely that
the observed motion represented the sensory conse-
quence of the movement that was being performed.
Under such conditions, a CE was nonetheless obtained.
Although, we cannot fully rule out this account, the simi-
larity between the CEs observed by Schubé et al. (2001)
and ourselves further suggests that this is not the primary
mechanism at work.

An alternative type of adjustment that could have pro-
duced the CE is more “strategic” in nature. Specifically,
participants may have become aware of their tendency to
show an AE (independently of its origin) and voluntarily
engaged in compensatory movements that ultimately lead
to a CE. Given the plausibility of this explanation, an object
of future research should be to systematically assess partic-
ipants’ awareness of any signs of interference and deter-
mine whether it is systematically related to the presence of
the CE.

Activation and inhibition
An alternative account of the AE and CE is that they reflect

the type of processes that are generally thought to lead to
specific interference effects in S—R compatibility tasks: The

automatic activation and subsequent inhibition of action-
related representational features (e.g., see Kornblum, Ste-
vens, Whipple, & Requin, 1999; Prinz & Hommel, 2002).
For example, using static visual displays, Tipper, Howard,
and Jackson (1997) have shown that hand trajectories to a
target object veer away from the location of a concurrently
presented distractor object. Adopting the notion that move-
ment directions are represented in a distributed fashion,
such that neighboring directions are also partially active (cf.
Georgopoulos, 1990), Tipper et al. (1998) proposed that
perception of the target and distractor objects automatically
activates representations underlying movements in their
direction. In order to select the appropriate response, the
representation corresponding to the distractor was assumed
to be inhibited, thereby inhibiting any shared directional
features that were activated by the perception of the target
object. As a consequence, movement trajectories tend to
veer away from the distractor location (see also Welsh &
Elliott, 2004). Note that this type explanation does not rely
on an adjustment based on a perceived discrepancy, as dis-
cussed in the previous section, but rather on a shift of the
representation underlying the produced movement direc-
tion itself.

Schubd et al. (2001) relied on similar assumptions to
account for their CE. They proposed that the distributed
representations that underlie distinct perceptual and motor
activities, such as producing a movement while concur-
rently encoding an independent stimulus motion, must be
“kept separate” or “protected” from one another so that the
two activities can be carried out without interfering. More
specifically, they assumed that perception and action share
a common representational system (Prinz, 1990, 1997) in
which the simultaneous perception and production of fea-
ture-overlapping events becomes potentially problematic
(for more detailed discussions of this issue, see Hommel,
Miisseler, Aschersleben, & Prinz, 2001). To deal with such
problems, they proposed that a selective code-modification
mechanism comes into play to increase the distinctiveness
of the representations underlying the two activities. The
mechanism in question was posited to involve a form of
partial inhibition (Tipper et al., 1997) of the features shared
by perception and action, which causes the representations
underlying them to “shift away” from each other within the
common representational space. Hence, what participants
perceived had a repulsive effect on what they produced.
This mechanism could have come into play after whatever
mechanism lead to the initial AE.

The AE is also related to an effect that has been reported
in the selective-reaching task considered above (e.g.,
Welsh, Elliott, & Weeks, 1999). Hand trajectories have
been found to veer towards the distractor location under
certain conditions. This effect has been attributed to an ini-
tial summation of the activations of the directional features
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shared by the target and distractor representations, which
causes the movement to the target to be biased in the direc-
tion of the distractor location. Welsh and Elliott (2004)
have proposed that this effect should only manifest itself
when there is not enough time to inhibit the distractor rep-
resentation, which also explains why it has not always been
observed (for a detailed discussion of this issue, see Welsh
& Elliott, 2004).

The AE found in the present study could be explained in
a similar way. That is, the initial activation/summation pro-
cess could shift the representation corresponding to the pro-
duced movement in the direction of the perceived motion
direction. Given that the stimulus motion started prior to
movement onset in “Experiment 17, the absence of an AE
in that experiment suggests that there was enough time for
the subsequent inhibition process to engage prior to the ini-
tial phase of movement. Thus, only a CE was observed. To
the extent that these accounts of the AE and CE hold, the
bi-phasic pattern of interference obtained in “Experiment
2” should reflect the (average) time course of the activation/
summation and subsequent inhibition of the representations
underlying perception and action.

As it stands, however, both sensorimotor-adjustment and
activation-inhibition accounts seem to provide viable
explanations, in isolation or combination, of the basic
effects obtained in this study. Thus, additional work will be
needed to better establish the origins of the bi-phasic pat-
tern of specific interference. For example, one could com-
pare the nature and time course of the interference effects
obtained with moving and static stimuli, such as the appear-
ance of a line or arrow. The latter type of stimuli should no
longer induce a sense of ego-motion and would therefore
allow one to test whether this sense is actually what under-
lies the AE reported here.
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